Abstract. Ultrasonography (US) has largely replaced the intravenous urogram as the first modality for the evaluation of the kidneys in children suspected of having urinary tract abnormalities. Because many renal disorders are associated with changes in the sizes of the kidneys, normative standards for assessing renal size have been developed. These standards rely upon comparison of the renal lengths or calculated volumes or both, with various assessments of overall body size, including body surface area, weight, height, and chronological age. We discuss some of the limitations of US in assessing renal size in children. Practical recommendations are offered for optimizing the measurement and interpretation of sonographic renal sizes in children.
Ultrasonography (US) is commonly used to evaluate the kidneys in children suspected of having urinary tract abnormalities and has largely replaced the intravenous urogram (IVU) in most clinical circumstances [1] . Many renal disorders are associated with changes in the size of the kidneys. For this reason, normative standards for assessing renal size have been developed [2] [3] [4] [5] [6] [7] [8] [9] and are widely used in clinical practice. These standards rely upon comparison of the renal lengths or calculated volumes or both, with a variety of assessments of overall body size, including body surface area (BSA), weight, height, and chronological age. The published standards differ widely in the equipment and methods used for measuring and interpreting renal length. The selection of a particular set of standards for use in a specific clinical environment requires an understanding of the methodological differences between the various standards that are available, as well as the inherent limitations of US in assessing renal size. We discuss the role and limitations of US in evaluating renal size in children by addressing five questions:
1. Is there a reproducible and quantifiable relationship between renal size and the indices with which it is to be compared? 2. Are the methods for obtaining the measurements standardized and easily reproducible? 3. Is the population on which the standards are based comparable to the local patient population? 4. Are the methods for comparing the measurements in patients with the normative standards simple and accurate? 5. Does the comparison with the normative standards provide a result which can be logically applied in the management of patients?
Is there a reproducible and quantifiable relationship between renal size and the indices with which it is being compared?
Renal size and body size
Renal size correlates well with most commonly used parameters of overall body size, including height, weight, and BSA. Although renal size correlates best with BSA [3] , the calculation of BSA is cumbersome and itself requires measurements of both height and weight. As a result, height and weight are usually used rather than BSA. Similarly, while renal volume theoretically correlates better with renal weight, renal length is directly measurable at US, whereas the calculation of volume requires multiple measurements [7, [10] [11] . Most published standards for renal size at US rely on renal length rather than volume.
Renal size and chronological age
Renal growth does not precisely parallel overall growth in body size [12] [13] [14] . The rate of renal growth is most rapid during the first 2 years of life and slows between 2 and 5 years, after which renal length increases by only 2-3 mm per year through adolescence [9] . Because body size and age are closely related throughout childhood, renal length correlates nearly as well with age as with height [3] . While weight correlates well with both height and chronological age in early childhood, there is greater variation in weight in adolescents and adults [15] and the normalization of renal length based on weight is probably less reliable.
Right-left asymmetry in renal size
The left kidney is usually (but not always) longer and larger in volume than the right [3, 5, 12, [16] [17] [18] . This might explain some consistent right-left differences when comparing norms that assess right and left renal lengths separately [3] with others that not [8] . A single standard for evaluating both kidneys is simpler; however, it might also decrease sensitivity to reduced left renal length or increased right renal length or both. Because the difference in renal size between the two sides is small and inconstant, most standards do not provide different norms for the two kidneys.
Differences in renal size between boys and girls
Body size and proportions and the rate of general somatic growth and are strikingly different between boys and girls [15] . However, because there are no consistent differences in renal length (at US or IVU) between boys and girls [5, 16, [18] [19] [20] , none of the published standards evaluate renal length differently according to gender.
Are the methods for obtaining the measurements standardized and easily reproducible?
Measurement of renal length
It is important to adhere to the same method for measuring renal length as was used in defining the normative standards. Patient positioning (prone, supine or decubitus) and the trajectory of interrogation of the kidney are both important, but often difficult to standardize routinely. Changes in renal inclination and shape can affect the length of the longest measurable renal axis [21] and can be influenced by the position of the patient. As a result, coronal measurements of renal length made with the transducer in the mid-or anterior axillary line, with the patient supine or in a decubitus position, may not be comparable with posterior longitudinal measurements obtained with the patient prone.
Although it might be desirable to know how much the measurements can vary with the patient in different positions, the position and transducer angle from which the longest renal axis can be obtained are routinely influenced by factors over which the examiner has little or no control. These include: interference by intestinal gas and overlying dressings, tubes, wounds, and scars; abnormalities in the position and axis of the kidneys [1, [21] [22] , and deformities of the patient's spine [23] [24] . Gaseous intestinal distention in patients with neurogenic bowel (e. g., children with myelomeningocele) frequently interferes with visualization of the kidneys at US. Maneuvers designed to increase the visibility of the kidney (e. g., suspending respiration in deep inspiration, "pouching out the belly", or placing a bolster under the back) can similarly influence the measurements by altering renal inclination, shape, and position [1, 21] . The state of hydration of the patient and the administration of diuretic medications or intravenous contrast material also can influence renal size [1, [25] [26] [27] [28] .
The ultrasound equipment itself can influence the measurements. Transducers and software that permit improved resolution of the renal margins may limit the comparability of contemporary measurements with those reported a decade or more in the past [3, 8] . Length measurements obtained with mechanical sector transducers can differ from those obtained with phased linear array probes [1] . Kidney that are longer than the width of the field of view cannot be accurately measured unless the scanning approach is changed or a standoff pad is used, both of which can affect the measurement [29] . Measurements made directly on the films with rulers or mechanical calipers [8] are generally less accurate than are those made using electronic calipers. Errors occurring when using mechanical calipers can result from both inaccurate caliper placement and from imprecise calibration of the distance scales printed on the films. The decision to use the maximum measurement of renal length as opposed to the average of several measurements can also make a difference [30] .
Intraobserver and interobserver reproducibility of the renal length measurements is an important problem which is not only related to variations in operator competence. Measurements also frequently differ widely between equally experienced practitioners examining the same patient using the same equipment within several minutes of each other [301. Although variations in caliper placement can be a factor, differences in scanning technique, angle of interrogation of the kidneys, and changes within the patient that influence the visibility of the kidney, are all important. Limitations in the reproducibility of measurements of renal length can result in considerable confusion by giving the impression that the kidneys are shrinking or enlarging excessively from one examination to the next.
Since the purpose of assessing renal size with US is to estimate the volume of functioning renal parenchyma, measurements of the length or volume, or both, of hydronephrotic or cystic kidneys can be misleading. For example, in a child with hydronephrosis due to uretero-pelvic junction obstruction, improvement in the hydronephrosis following pyeloplasty can be accompanied by a reduction in the overall renal size. This change in renal size does not accurately indicate a corresponding change in either the volume or functional status of the renal parenchyma, which may be improved following relief of the obstruction.
Measurement of height and age
The patient's height must be measured carefully, using the proper equipment, to ensure accuracy. Height is measured in a different way in children under 3 years (i. e., length is measured) from that used in children older than 3 years (i. e., stature is measured) [15] . Parental estimates of their children's heights are often inaccurate in our experience, and are usually given in inches (in the United States), requiring conversion to metric equivalents. Unfortunately, few of the published standards for correlating renal length with height describe the method used for measuring height.
Measurements of height can be meaningless when made for comparitive purposes in children with kyphoscolosis and other disorders of the spine, pelvis, and lower extremities [16] . In addition, both visceral and skeletal growth can be slowed in children with renal insufficiency, potentially reducing the accuracy of the comparison of height and renal length in children with diminished renal function. Age, on the other hand, can be obtained quickly and with great accuracy by asking the patient (or the patient's parent) or by subtracting the date of birth from the date of the examination.
Is the population on which the standards are based comparable to the local patient population?
Dinkel et al. [3] studied children from Freiberg, Germany. Rosenbaum et al. [8] studied children from Boston, Mass. It is not known whether their standards are applicable to children elsewhere. Simpson et al. [31] found that the norms published by EklOf and Ringertz [32] (based on a Swedish population) for renal length at urography were not applicable to a British population. This problem is not unique to renal length. Racial, ethnic, socioeconomic, geographic, nutritional, and historical differences between the local patient population and the population on which the norms were based can affect the appropriateness of the comparison of all somatometric data [33] .
When we reviewed the measurements of renal length in 130 consecutive patients studied in Ann Arbor the z-scores (i. e., the units of standard deviation above or below the mean) for renal length based on our patients' heights (using Dinkel et al. [3] ) were consistently greater (i. e., less negative or more positive) than those based on age (using Rosenbaum et al. [8] ). In fact, the z-scores for renal length based on height exceeded the z-scores based on age in almost all the children, regardless of whether or not their heights were normal for age. This suggests that there could be systematic differences in height or renal length, or both, between our patients and the populations on which the standards were based.
Are the methods for comparing the measurements in patients with the normative standards simple and accurate?
The method that is used for applying the standards in practice will affect the result. The importance of such variations depends upon the method that is used and the degree of precision that is required by the referring physicians.
Calculation of z-scores or percentiles based on regression equations provides a simple mathematical method that works well for comparing renal length and height since the relationship is approximately linear. Because the rate of renal growth is not the same at all ages, linear regression equations are less satisfactory for comparing renal length with age. Accuracy could be improved by providing multiple equations for different age groups [5] , although this complicates the analysis.
These problems can be overcome by using tables of mean renal lengths and the associated standard deviations in children of different ages. Since patients are rarely examined on their birthdays, interpolation of the means and standard deviations may be slightly more accurate than using the last birthday or rounded age, but again is more complicated.
Plotting the measured length or volume on a graph obviates the need for any calculations. Visual inspection of a growth chart after plotting the results of multiple examinations can give an excellent semi-quantitative analysis of the progress of renal growth [12, 34] (Fig. 1) . Truly quantitative comparison of lengths at multiple examinations still requires calculation of z-scores or percentiles by one of the above methods. Computerization of the calculation or plotting procedures, or both, would improve precision and reduce errors in calculation (although not errors in measurement or data recording). To our knowledge, no such programs are available.
Does the comparison with the normative standards provide a results which can be logically applied in the management of patients?
By convention, measurements of renal length are arbitrarily judged to be within the "normal range" if they are within 2 standard deviations of the normative population's mean, or are between the 5th and 95th percentiles of the measurements made in a normally distributed normative population [1] . Although this standard does provide a simple method for differentiating "normal" from "abnormal", approximately 10 % of children with normal kidneys will have renal lengths that fall outside this "normal" range [35] .
Conversely, because renal length varies so widely among normal children, an undetermined percentage of kidneys will have lengths that are abnormal because of disease, but not so severely abnormal that they fall outside the normal range. For example, using the standards of Rosenbaum et al. [8] , a right kidney measuring 7 cm in length could be normal from under 6 months to nearly 7 years of age. Using the standards of Dinkel et al. 6.3 yo -Asymptomatic US: Rt 6.9 cm, Lt 9.5 cm Fig. 1 . Annotated renal growth chart in a boy with reflux nephropathy consequent to right reflux and acute pyelonephritis at 8 months of age. Renal lengths at five consecutive examinations are plotted against normative standards for renal length based on age [8] . Initially, both IVP and renal US were normal. However, despite antibiotic prophylaxis, reimplantation, and the absence of further infection, the right kidney grew little while the left kidney hypertrophied, resulting in increasing asymmetry of the renal lengths over time./VP, intravenous pyelography; Lt, left; too, months of age; Rt, right; US, ultrasonography; UTI, urinary tract infection; VCUG, voiding cysto-urethrography; VUR, vesico-ureteral reflux; yo, years of age right kidney measuring 7 cm could be normal in a child having a height from 79 cm (95th percentile for height at 9 months [15] ) to 127 cm (5th percentile for height at 10 years [15] ). Although using a narrower range would theoretically improve sensitivity, it would also result in a larger number of falsely "abnormal" measurements [35] . Documentation that the renal lengths are "normal" at the time of a single examination does not guarantee that the kidneys have been growing normally or that they will continue to do so in the future. The potential for growth can only be assessed by comparing measurements that have been obtained on sequential studies (i. e., a renal growth chart) [17, 34] (Fig. 1) . This has important implications for protocols that call for a single US examination and follow-up imaging only if the screening study is abnormal. Because the "normal" range for renal length is as wide as it is, a second examination may be necessary after an appropriate interval to ensure that the kidneys are growing.
In children with urinary tract infection, the timing of the screening US is important to its interpretation. Renal injury, consequent to vesicoureteral reflux and pyelonephritis, is not usually apparent at US performed immediately following the infection. Cortical scarring and atrophy develop over months, and deceleration in the rate of renal growth may become apparent only after many months or even years have passed [36] (Fig. 1) . For example, a 7 cm kidney in an 18-month-old child with reflux and acute pyelonephritis, would remain within 2 standard deviations of the mean for more than 6 years [8] even if it had stopped growing entirely at the time of the original pyelonephritis.
Conversely, if a child is examined during an episode of acute pyelonephritis, renal edema secondary to the infection can give rise to a greater measurement of renal length (often without identifiable focal changes in parenchymal echogenicity). In this circumstance, the US examination may provide inaccurately "normal"-seeming measurements, since the length of a small kidney can temporarily fall within the normal range when the kidney is enlarged from edema. Thus the effect of previous retardation in the rate of renal growth is masked. If the child is not re-examined after the acute infection has resolved, the presence of significant impairment in renal growth can go undetected. On the other hand, if the child is re-examined, the renal length can appear to decrease in an exaggerated fashion, a phenomenon often mistakenly ascribed to "interobserver variability". Asymmetry in the lengths or volumes of the kidneys can be an important clue that one or both kidneys are abnormal even when measurements of both are within the "normal range" (Fig. 1) . Since duplex kidneys are frequently longer than their simplex counterparts, such asymmetry can be due to the presence of a duplex kidney on one side in some cases [1] . However, this may be a less common cause of asymmetry than is often claimed, since duplication of the upper urinary tract is bilateral in up to 39 % of cases [37] and asymmetry is an inconstant finding even in cases of unilateral duplication. Although the left kidney is usually somewhat longer and larger in volume than the right kidney [3, 5, 12, [16] [17] [18] , the reverse is true in a minority of normal individuals. The degree of asymmetry that is acceptable as normal is probably less when the right kidney is the larger of the two. The threshold for distinguishing acceptable from excessive asymmetry in renal length at US has not been established in children and probably changes with age (and renal size). Increasing discrepancy in the renal lengths over time should always be a cause for concern.
Discussion
Despite its limitations, sonographic assessment of renal length is extremely useful in the evaluation of children with urologic signs or symptoms. Both height and age correlate well with renal length. Although height may theoretically be more reliable, age is simpler to assess.
Limitations in intraobserver and interobserver reproducibility of measurements of renal length is an important problem. Differences in scanning technique and cursor placement and dynamic changes within the patient affecting the visibility of the kidneys affect the reproducibility of measurements of renal length using US.
The extent to which changes in patient positioning and the trajectory of interrogation of the kidneys during scanning influence the measurement of renal length is not completely understood. However, when comparing measurements of renal length with published standards, the scanning method described in the standards should be used.
Plotting serial renal length measurements on a growth chart can be useful in detecting important changes in the rate of renal growth. Annotation of the growth chart with related clinical information (e. g., dates of infection, surgery, etc.) enhance the usefulness of the chart as a visual diagnostic aid (Fig. 1) . Some children having screening US of the kidneys (e. g., children with urinary infection) may require follow-up examinations to document satisfactory renal growth, even when the initial findings are "normal". Conversely, documentation that the kidneys are growing steadily parallel to a percentile line can be reassuring in a child with seemingly abnormally small kidneys.
It is desirable to closely evaluate children with asymmetric renal lengths (exceeding 5-10 ram), and to maintain a high index of suspicion for an underlying problem in such children, even when measurements for each individual kidney are within the "normal" range. Further research is needed to improve our understanding of Variations in the rate of renal growth throughout childhood and the amount of asymmetry in renal lengths that is normally encountered.
